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ABSTRACT
We study possible deviations from the Standard Model in the reaction e+e− → Zφ, where φ
denotes a spinless neutral boson. We show how the Z decay angular correlation can be used to
extract detailed information on the φ couplings, such as the parity of φ, radiatively induced form
factor effects and possible CP violation in the scalar sector.
1. Introduction and Effective Lagrangian
The process e+e− → ZH is expected to be the best reaction to look for the
Higgs boson of mass ∼<2mW at LEP II and at an early stage of the next linear
e+e− linear colliders1. Unlike in Higgs hunting at hadron colliders2, we expect
to learn details of the Higgs boson properties and interactions at e+e− colliders.
These include the search for a deviation from the minimal one-doublet Higgs boson
model and for possible radiative effects3. In fact a neutral spinless boson φ which is
produced via e+e− → Zφ may not be a Higgs boson at all, but a new type of a bound
state such as a pseudo Nambu-Goldstone boson4 of a new strong interaction with a
spontaneously broken chiral symmetry. The particle would then be a pseudoscalar
rather than a scalar. We may even expect to observe a CP-violating interaction in
the boson sector5.
In this paper, we study couplings of a spinless neutral boson φ, which may be
a scalar, a pseudoscalar, or some mixture of the two, to the Z boson in the process
e+e− → (Z → f f¯)φ by using the angular distributions of the final-state fermions.
We consider an effective Lagrangian which contains the Standard Model couplings
of fermions to the Z and γ, and study the effects of general mass-dimension-five
φZZ and φZγ couplings which respect electromagnetic gauge invariance∗:
Leff = aZ φZµZµ +
∑
V=Z,γ
V µν
[
bV φZµν + cV [(∂µφ)Zν − (∂νφ)Zµ] + b˜V φZ˜µν
]
. (1)
The terms aZ , bV , and cV alone would correspond to a CP-even scalar φ, while the
term b˜V alone indicates a CP-odd pseudoscalar. Interference of these two sets of
terms leads to CP-violating effects.
∗
Vµν = ∂µVν − ∂νVµ, V˜µν ≡
1
2
εµναβV
αβ , with the convention ε0123 = +1.
These effective interactions contribute to the process e+e− → Zφ. For elec-
tron helicity σ = ±1 (in units of h¯/2 6) and Z polarization λ, the helicity amplitudes
for e+e− → Zφ are given by:
M(λ=0)σ = M̂ (λ=0)σ σ sin θ,
M(λ=±1)σ = M̂ (λ=±1)σ
1 + λσ cos θ√
2
, (2)
where
M̂ (λ=0)σ =
gZ (ve + σae)
s−m2Z + imZΓZ
(
2
√
s
ω
mZ
(aZ + (s+m
2
Z)cZ) + 4smZ(bZ − cZ)
)
−e
(
2mZ(bγ − cγ) + 2
√
sω
mZ
cγ
)
, (3)
M̂ (λ=±1)σ =
gZ (ve + σae)
s−m2Z + imZΓZ
(
2
√
s(aZ + (s+m
2
Z)cZ) + 4sω(bZ − cZ)− iλ4skb˜Z
)
−e
(
2ω(bγ − cγ) + 2
√
scγ − iλ2kb˜γ
)
. (4)
Here θ is the polar angle of the Z momentum about the electron beam direction,
and ω and k are the Z energy and momentum in the e+e− c.m. frame. The couplings
are denoted by e =
√
4piα, gZ = e/(sin θW cos θW ), ve = −1/4 + sin2 θW , and ae = 1/4.
The total cross section is simply obtained from the matrix elements of Eq. 4, but
does not allow us to separate contributions from the various couplings.
3. Decay Angular Correlations
The differential cross-section for a given electron (f) helicity σ (σ′) is
dσ (σ, σ′)
dcosθ dcosθˆ dϕˆ
=
1
32pis
β¯
(
m2Z
s
,
m2φ
s
)
g2Z(vf + σ
′af )
2mZ
64pi2ΓZ
∣∣∣∣∣∑
λ
Mλσ(θ)dσ
′
λ (θˆ, ϕˆ)
∣∣∣∣∣
2
, (5)
where use has been made of the limit ΓZ ≪ mZ , θˆ and ϕˆ are the fermion angles in
the center-of-mass frame of the decaying Z, and
dσ
′
(λ=0)
(
θˆ, ϕˆ
)
= σ′ sin θˆ
dσ
′
(λ=±1)
(
θˆ, ϕˆ
)
=
1√
2
(1± σ′ cos θˆ)e±iϕˆ. (6)
We expand the squared matrix elements and define asymmetries:∣∣∣∣∣∑
λ
Mλσ(θ)dσ
′
λ (θˆ, ϕˆ)
∣∣∣∣∣
2
= F1(1 + cos2 θˆ) + F2(1− 3 cos2 θˆ) +F3 cos θˆ +
F4 sin θˆ cos ϕˆ+ F5 sin(2θˆ) cos ϕˆ+ F6 sin2 θˆ cos(2ϕˆ) +
F7 sin θˆ sin ϕˆ+ F8 sin(2θˆ) sin ϕˆ+ F9 sin2 θˆ sin(2ϕˆ). (7)
Ai =
∫ 1
−1
d cos θFi/
∫ 1
−1
d cos θF1, (8)
A′i =
(∫ 1
0
−
∫ 0
−1
)
d cos θFi/
∫ 1
−1
d cos θF1. (9)
Table 1: CP and CPT˜ 7 properties of squared matrix elements, and the corresponding observable
asymmetries. CP and CPT˜ conservation is indicated with a +, nonconservation is indicated with
a −. The circles indicate that observation of the asymmetry requires identification of the charge
of the final fermion f . The triangles indicate that the asymmetry may be suppressed without
corresponding polarization measurements.
Matrix Elements Properties Observables beam f f
CP CPT˜ Pol. Pol. charge
|M̂+σ |2 + |M̂−σ |2 + |M̂0σ |2 + + σtot - - -
|M̂0σ |2 + + A2 - - -
|M̂+σ |2 − |M̂−σ |2 − − A′1 △ - -
A3 - △ ©
Re
[
(M̂+σ − M̂−σ )(M̂0σ)∗
]
+ + A4 △ △ ©
A′5 - - -
Re
[
(M̂+σ − M̂−σ )(M̂0σ)∗
]
− − A′4 - △ ©
A5 △ - -
Re
[
(M̂+σ )(M̂
−
σ )
∗
]
+ + A6 - - -
Im
[
(M̂+σ − M̂−σ )(M̂0σ)∗
]
− + A7 △ △ ©
A′8 - - -
Im
[
(M̂+σ + M̂
−
σ )(M̂
0
σ)
∗
]
+ − A′7 - △ ©
A8 △ - -
Im
[
(M̂+σ )(M̂
−
σ )
∗
]
− + A9 - - -
It is remarkable that for each combination of matrix elements, one asymmetry
exists which requires measurement neither of the final fermion spin nor of its charge,
and hence all the visible Z decay modes can be used for these measurements. We
present in Table 1 the nine combinations of matrix elements which appear. The
asymmetries, averaged over electron and summed over fermion spins, are shown in
Fig. 1 as deviations from the Standard Model value aZ = gZmZ/2. In Fig. 1a, the
added couplings here are bZ and cZ ; the Higgs is a pure scalar in this plot. Taking
instead a pure pseudoscalar, that is, taking only b˜Z to be nonzero, we would find
a very different result. Then A2 = A4 = A′5 = 0, and A6 ≃ −0.42. Fig. 1b shows a
few of the CP-violating asymmetries. Fermion angular correlations in the process
e+e− → f f¯φ are useful in obtaining detailed information on the CP nature of a
spinless neutral particle φ.
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Figure 1: Asymmetries of Eqs. (8) and (9) for mH = 60 GeV and
√
s = 200 GeV. The solid lines
indicate the effect of bZ , the dashed lines give the effect of cZ . (a) A2–A6 exist in the Standard
Model. (b) A7–A9 indicate CP violation.
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